ABSTRACT. The cuticular chemical composition plays a significant role in the recognition of nest mates in social insects, thus functioning as a chemical signature of the colony. The structure of cuticular chemicals is subject to interference from genetic and exogenous factors, including diet. In this study, various colonies of the Ectatomma brunneum ant were removed from their natural environment and housed in a laboratory to monitor the response of the cuticular chemical composition to dietary changes. Analyses were performed using gas chromatography and Fourier transform infrared photoacoustic spectroscopy, which has not been previously used for this type of analysis. The results indicate that this method is useful for analyzing biological and natural systems. We observed changes in the chemical signature with food traces in the first 30 days under feed control. Therefore, genetic information may not be the only criterion that can be used to describe the chemical signature of a species; environmental variations also influence recognition signals. Furthermore, these results reinforce the reliability of the Fourier transform infrared photoacoustic spectroscopy method.
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INTRODUCTION
Social insects, particularly ants, have developed efficient system of chemical signals throughout evolution, which are the basis of the insects' social structure and allow for recognition and communication among the individuals in the colony. The ability to discriminate among nest mates has become a selective force in the evolution of insect societies (Lenoir et al., 1999) . The genetic structure for the production of these chemical signals was present in early generations of ants and was retained in subsequent generations (Liénard et al., 2008) . Ants function similarly to a chemical factory, producing chemicals that spread throughout their bodies in a system of more than 50 different exocrine glands (Billen, 2004) ; most are connected to the production of chemicals that act function in intraspecies communication, known as pheromones (Billen and Morgan, 1998) . Because of their abundance, the ease of maintaining colonies in the laboratory, and the variety of behaviors displayed, ants are widely used in chemical recognition studies among social insects (Martin and Drijfhout, 2009) .
Twelve functional categories of communication have been identified in social insects, which are primarily chemical in nature (Hölldobler and Wilson, 1990) . The main substances responsible for coding the chemical signals of recognition in social insects are, particularly in ants, cuticular hydrocarbons (HCs), also known as superficial pheromones (Lenoir et al., 1999) . In addition to their primary function in the protection against microorganisms, toxins, and desiccation (Lenoir et al., 2001) , these compounds play determining roles in inter-and intraspecies recognition among nest mates and in the differentiation of castes (Lenoir et al., 1999; Antonialli Jr. et al., 2007 .
Within a single species of social insects, the qualitative profile of HCs in the cuticular chemical is relatively uniform, varying only in its relative proportion according to the origin of its colony (Bonavita-Cougourdan et al., 1987) . These compounds work as a common chemical signature, referred to as a "colony odor" or a "gestalt odor" (Crozier and Dix, 1979) . This signature is used among nest mates to compare the chemical profile of an individual for recognition. Some of the HC chemicals present in the cuticule are stored in the post-pharyngeal gland and transferred among members of the colony by trophallaxis, allogrooming, and physical contact (Lenoir et al., 2001) .
Signals used in intracolonial recognition are under the controls of genetic and exogenous factors derived from the nest material, seasonality and diet (Liang and Silverman 2000; Silverman and Liang 2001; Sorvari et al., 2008; Zweden et al., 2009) . Therefore, variation in the chemical profile of the cuticule is a complex system of chemical communication among these insects.
The effect of exogenous factors on the composition of cuticular chemical was discussed by Gamboa et al. (1986) , who examined different colonies of the Polistes fuscatus wasp species under homogeneous laboratory conditions. They observed that after controlling external factors, including diet, wasps were unable to distinguish among individuals of dif-ferent colonies, indicating that the cuticular profiles had become homogeneous. Other studies revealed that diet modifies the chemical recognition of ants and that the amount as well as the quality of the food can cause changes (Liang and Silverman 2000; Silverman and Liang 2001; Sorvari et al., 2008) . Thus, the diet appears to significantly affect the construction of the colony's chemical signature, interfering with behavior.
The most frequently used method to evaluate cuticular chemical composition in insects is gas chromatography (GC). However, Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS) was introduced to analyze compounds such as hydrocarbons and proteins in ants and wasps (Antonialli Jr. et al., 2007 Neves et al., 2012 Neves et al., , 2013 . The effectiveness of this technique has been demonstrated in several studies involving other sample types (Lima et al., 2008; Andrade et al., 2008; Almeida et al., 2012) . The versatility of the photoacoustic detection method allows for the optical analyses of opaque materials in the mid-infrared region, and the FTIR-PAS can be applied in a variety of systems. Mid-infrared absorption is sensitive to vibrations in molecular chemical groups; thus, functional groups and the types of chemical bonds involved in the sample can be identified and distinguished (Smith, 1999) . The low-intensity radiation regime, under which this technique operates, ensures efficiency when reading fragile materials such as biological compounds, indicating the nondestructive character of the technique (Greene et al., 1992) . There have been few studies examining the biological characteristics of Ectatomma brunneum ant species Smith 1858, despite its widespread occurrence. This species has a vast distribution in Latin America, and is present mainly from Panama to Argentina (Brown, 1958) , including Brazil, and is generally located in open areas, such as forest edges or glades, crops, pastures, and secondary forests (Kempf, 1972) . The nest architecture of this species includes underground tunnels and chambers and is not complex (Lapola et al., 2003) . Similar to other predatory ants, the diet of E. brunneum is based mainly on proteins and carbohydrates (Evans and Pierce, 1995) ; the protein is generally derived from terrestrial arthropods (Marques et al., 1995) . In ants, sugar is used as a primary energy source for adult workers, while protein is mainly used for egg development and larvae growth (Brian, 1983) .
However, the effects of environmental factors on the composition of cuticular chemicals, particularly in ants remain unclear. In this study, the effect of diet on the cuticular chemical composition in the E. brunneum ant species was evaluated using GC and FTIR-PAS. This is the first study to use FTIR-PAS for this type of analysis; we compared the results to those of GC.
MATERIAL AND METHODS

Material analysis
Four colonies of E. brunneum were collected, 3 of which were nested near the campus of the Universidade Estadual do Mato Grosso do Sul (22°11'53.32 ''S and 54°55'50.90''W) in an area with a predominance of grasses and shrubs. The fourth colony was located a few meters from a semideciduous area (22°12'45.78''S and 54°54'43.15''W), according to the classification system of the Instituto Brasileiro de Geografia e Estatística, IBGE (Veloso et al., 1991) . Both locations were on the edges of rural areas. Sampling was performed in December 2012 and February, March, and April 2013.
Immediately after collection, approximately 15 workers were separated, anesthetized, and sacrificed by freezing to serve as a control sample that had only eaten a natural diet. The remaining individuals from the colony were transferred to the laboratory and placed into artificial nests for control physical and feeding conditions. The nests were attached to an area of individual foraging for each colony, in which there was water and honey available daily and, on alternate days, larvae in the last stage of Tenebrio molitor. The number of larvae provided was related to the number of individuals in the colony.
Due to the absence in the literature of a specific period needed to establish any effect over the cuticular chemical composition, colonies were kept under controlled conditions for 30 days until the first analysis. The number of individuals used in each analysis ranged from 9 to 15 according to the size of the population to avoid compromising colony maintenance until the end of the experiment. Sampling was also performed and analyzed at 60 days. All individuals were processed similarly to the control specimens; as soon as samples were collected, they were anesthetized, sacrificed, and frozen.
Analyses were performed on the gaster, which was extracted using microsurgical tweezers and scissors. This region was chosen because it has the greatest concentration of CHs in the insects (Cuvillier-Hot et al., 2001) .
To evaluate whether dietary compounds were present in the cuticle consuming a controlled diet, both honey and the T. molitor larvae were evaluated. Thirty final-stage larvae of T. molitor, after anesthetization and sacrifice at low temperature, were separated in the same proportion and analyzed by FTIR-PAS and GC. Six samples of the same honey used in the experiment were separated for analysis.
FTIR-PAS
For FTIR-PAS, the gaster and the T. molitor larvae were dried in a vacuum desiccator for 48 h to reduce the water content, which can interfere with infrared analyses. There was no preparation for the honey reading.
FTIR-PAS was performed using a Nicolet Nexus 670 spectrophotometer (Thermo Scientific, Waltham, MA, USA) in the spectral region of 4000-400/cm, which covers the fingerprint region (1500-400/cm). The spectrometer was purged with dry compressed air to remove any water vapor and CO 2 . The photoacoustic cell was purged with helium gas before each reading. Carbon black was used as a reference to collect the spectrum of the infrared source. New reference spectra were acquired every 100 min. Sample spectra were obtained with an average of 128 sample scans and a resolution of 16/cm.
GC with flaming ionization detection (GC-FID)
The CHs were extracted from the gaster with 5 ml of hexane (HPLC-VETEC) in an ultrasonic bath for 3 min. After filtration, the solvent was eliminated in an exhaust chamber, and the dry extract was dissolved in 100 µL of hexane for GC-FID analyses.
The GC-FID (Focus, GC, Thermo Scientific-San Jose, CA, USA) was equipped with a capillary column OV-5 from the maker Ohio (Ohio, USA), that was composed by 5% phenyl dimethylpolysiloxane, with the dimensions of 30 m long x 0.25 mm diameter x 0.25 µm thickness of film. Nitrogen was used as loader gas at a constant pressure of 0.8 Bar. Analyses were performed in splitless mode with injection of 1 µL. The injector and detector temperature was adjusted at 300°C. The oven temperature was as follows: heat was increased from 50 to 85°C at a rate of 5°C/min; the temperature was then increased at a rate of 8°C/min to 280°C; finally, temperature was increased at a rate of 10°C/min until 300°C, which was held for 35 min. Chromatograms were recorded using the GC solution software (Shimadzu, Kyoto, Japan). Chemicals were identified based on the pattern of linear hydrocarbons of C 20 -C 31 (10 µg/mL in hexane) by comparing retention times.
GC-mass spectrometry (MS)
To evaluate the relationship between food types, the chemical compounds of honey and T. molitor were extracted in 5 mL hexane (HPLC-VETEC) in an ultrasonic bath for 60 min. After filtration, the supernatants were removed in an exhaust chamber and the dry extracts were dissolved in 100 µL hexane for GC-MS analysis.
GC-MS analyses were performed in a gas chromatograph (GC-17, Shimadzu) equipped with a MS detector (QP 5050). The device used a capillary column of fused silica DB-5 (J&W, 5% phenyl dimethyl polysiloxane; Agilent Technologies, Santa Clara, CA, USA), with 30 m long x 0.25 mm diameter x 0.25 µm thick film under the following conditions: helium bearer gas (99.999%, flow speed of 1.0 mL/min); 1 µL injection volume; split ratio of (1:20), with an initial oven temperature of 50°C, maintained for 30 min; the temperature was then increased to 85° at 5°C/min, and then increased to 280° at 3°C/min, maintained for 30 min; the injector temperature was 250°C and the temperatures of the quadrupole detector and transfer line were 280°C. The MS scan parameters included electron impact ionization voltage at 70 eV, mass range from 45 to 600 m/z, and scan time interval of 0.5 s. Identifications were performed by comparing the mass spectra obtained in the QP5050 Libraries (NIST 2.0) and literature data (Adams, 2001) . Linear alkanes were confirmed using a standard mixture of C 8 and C 31 (10 µg/ mL in hexane) by comparing retention times.
Statistical analysis
Possible variations among the control and diet-controlled groups were examined using discriminant function analysis, separating the variables for infrared absorption intensities and corresponding wavenumbers of the photoacoustic spectrum, as well as the relative area of the selected alkanes in the GC-FID. This statistical method identifies a linear combination of the variables to better explain differences among the groups analyzed. The distance squared of Mahalanobis was used to perceive changes between the control and the 2 different periods when maintaining a controlled diet.
RESULTS
The infrared absorption spectra obtained by FTIR-PAS for the control samples and the controlled-diet of 30-and 60-day groups are shown in Figure 1 for colony #1. Fifteen functional groups of the greatest relevance in the range 3625-500/cm were separated and identified; they were mainly found to be related to the HCs and the protein. These peaks are listed in Table 1 with their corresponding wavenumbers and respective vibrational modes, identified from the data reported in the literature (Lin-Vien et al., 1991; Smith, 1999) . Visual identification of distinctions among the spectra was not always possible; therefore, absorption intensi-ties were used to construct a matrix to determine whether a statistically significant difference existed. The results obtained by statistical analysis revealed a clear distinction between the control group and the controlled-diet groups (Wilk's lambda = 0.006, F = 22.135 and P < 0.001); this is shown in the scatterplot in Figure 2 . The first canonical root explained 88% of this distinction, and the peak that most contributed to this observation was located at 3425/cm.
Monitoring the cuticular chemical composition
Chromatography analyses were performed in the same samples from colony #1 as described above; the linear HCs of alkanes from C 20 to C 31 were observed as listed in Table 2 with the corresponding retention time used for the analysis. Values of the relative areas of the HCs were used as variables for discriminant function analysis. The results generated by GC-FID enforce those found by FTIR-PAS (Wilk's lambda < 0.001, F = 513.460 and P < 0.001), as observed in the clear separation between the scatterplot shown in Figure 3 , with the first canonical root explaining 89% of the difference. Based on this analysis, the most important alkanes for the separation of groups were C 20 , C 23 , C 25 , and C 27 . The presence of the same alkanes was also observed in the chromatography analysis of diet, which is among the alkanes with a higher relative percentage (Table 3 ). In addition to the alkanes, other volatile compounds, such as phytol, which is specifically associated with honey and aldehydes related to aroma, were also found in the reading of dietary items. The results obtained using both techniques for colony #1 revealed that the chemical profile changed over time through the 60 days of the controlled diet. Additionally, statistical analysis indicated very good agreement for the first canonical roots for both techniques. Therefore, to analyze the experimental data for the 4 colonies, as well the T. molitor and honey diets, only the FTIR-PAS technique was used.
For subsequent samples, the same 15 peaks described above were subjected to statistical analysis (Table 1 ). The infrared absorption spectra generated for each group, the control group, and the 30-and 60-day controlled-diet groups for colonies #2, #3, and #4 showed no clear difference between peak intensities. However, statistical analysis was performed to identify differences between control and controlled diet samples. For this analysis, all control samples from colonies #1, #2, #3, and #4 were considered to be a unique control group; this was also used for the 30-and 60-day controlled diet samples. We considered all samples together to avoid any possible genetic and environmental contributions to the results. The results of statistical analysis are shown in Figure 4 , demonstrating significant differences among groups (Wilk's lambda = 0.337, F = 6.972 and P < 0.001). The first canonical root explained 86% of the difference. This analysis indicated that 8 vibrational modes were responsible for the separation of the control, 30-day, and 60-day groups (Table 4 ). The results confirmed that in the first 30 days under a controlled diet, changes in the cuticle chemical profile occurred; this difference compared to the control was increased after 60 days (Figure 4) . Table 5 shows that the squared Mahalanobis distance increased between the control and the time under controlled feeding, a pattern that also occurred with the F values shown in Table 6 . Figure 4 . Scatterplot of the control, 30-and 60-days controlled diet groups, generated from the combination of data for the 4 colonies of Ectatomma brunneum, from analysis of the 15 selected peaks in the infrared spectra. Table 4 . Results of the discriminant function analysis from the variables and the more significant peaks (featured) of the cuticular chemical composition profile obtained for the FTIR-PAS of the 4 colonies, including the control and controlled-diet groups (30 and 60 days). The average infrared absorption spectra of the controlled diet and control groups are presented in Figure 5 . The gaster spectra for the ants under a controlled diet (for 30 and 60 days) were not shown because they were similar to the results for the control group. Some of the functional groups, for which there exhibited higher or lower absorptions for foods, stood out as the more significant groups for the separation among the groups, which confirms the interference of diet in the variation observed. 
DISCUSSION
The results for both GC-FID and FTIR-PAS in the study of the chemical composition of the gaster from colony #1 revealed that external factors significantly influence chemical signature changes of individuals under feeding control compared to those exposed to a natural diet.
Similarly to the results for colony #1 by chromatography, Zweden et al. (2009) reported changes in the alkanes C 25 and C 27 in studies with the species Camponotus aethiops fed the same diet of larva of T. molitor and honey. In their study, the HCs of T. molitor were characterized mainly by 3 linear alkanes, C 25 , C 27 , and C 29 , but Bursell and Clements (1967) described the importance of an additional alkane, C 31 . These results deviate from the results in our study of the larvae of T. molitor, which showed the highest relative percentage of alkanes C 22 , C 24 , C 25 , and C 26 . This variation may be due to the analyses of the internal and external compounds of the sample, which differed from the results reported by Zweden et al. (2009) and Bursell and Clements (1967) , who analyzed only larvae cuticles. These results help to explain some of the differences observed regarding the greater influence of alkanes, particularly the HCs of T. molitor. Graddon et al. (1979) analyzed honey by using chromatography and detected nearly 160 volatile compounds present in this food, including C 23 -C 31 , which the authors predicted to be derived from wax. Thus, we observed these compounds likely because they were in the diet of the colonies under controlled feeding.
The chromatography results showed high alkane content (C 20 , C 23 , C 25 , and C 27 ), and only C 20 was not present at a higher concentration in honey compared to previously values reported (C 23 , C 25 , C 27 , and C 29 ), whereas in the larvae, only the alkane C 25 was among the prominent alkenes (Table 3) . Compared to T. molitor, the honey showed higher interference in these variations.
Chemical composition analysis for the 4 colonies of ants combined and for the control group under a controlled diet revealed clear interference of external factors with this pheromone, beginning immediately after the first 30 days. The same pattern, with rapid initial alteration of the chemical profile, was also observed in another study examining the chemical signature in social insect species exposed to an altered environment, particularly diet alteration (Lenoir et al., 1999; Liang and Silverman, 2000; Sorvari et al., 2008; Zweden et al., 2009 ). This result can be explained in part by the processes of trophallaxis and allogrooming. This behavior should accelerate the rapid distribution of new substances among members of the colony, activating part of the recognition system (Crozier and Dix, 1979; Lenoir et al., 1999; Soroker et al., 2003) .
As shown in Figure 4 , dispersion among the ellipsis of the 3 evaluated groups was lower compared to the scatterplot generated by statistical analysis with only colony #1 ( Figure  2 ). This characteristic was likely observed because of genetic variations and environmental differences present among the 4 colonies. This shows that even with a genetic influence, the groups were identified according to their exogenous influences, which are a natural diet or 30-or 60-day controlled diet.
Various studies have reported that the cuticular chemical profiles change over time based on the season, material variation for nest construction, and, particularly, diet alterations (Lahav et al., 2001) . Our results are from colonies kept under similar and constant physical conditions. Therefore, it is likely that the variations observed are consequences of diet alteration.
The results of Lenoir et al. (2001) support the hypothesized importance of exogenous factors in the odor profile of the colony. The author reports that newly emerged workers have a cuticular profile that differs from the rest of the colony, but these differences are diluted over time as social interactions occur. Thus, external factors aggregate to the genetic factors in the construction of the colonial chemical signature, as observed in this study.
In Figure 5 , the most relevant peaks obtained from statistical analysis for differentiating between the control group and controlled groups are indicated. The T. molitor and the honey spectra were not similar, but the T. molitor spectrum was similar to the control group spectrum. Among the most relevant peaks in Figure 5 , as indicated by statistical analysis, peaks 2, 8, 9, 14, and 15 were the most different from the control spectrum. Of these, peak 15 was the most important for the first canonical root, indicating that honey most significantly contributes to the chemical changes in the gasters of E. brunneum.
The results for statistical analysis of FTIR-PAS were very similar to those obtained by chromatography, from which it was observed that the alkanes present in the carbohydrate diet had a higher influence on the most significant cuticular chemical composition for the differentiation between the groups. This characteristic supports the results of Brian (1983) , who showed that sugar is the main source of energy for adult workers and that proteic items are utilized for the development of immature ants. Similar results, in which diet was shown to be a decisive factor in the construction of surface pheromone composition, were found by Liang and Silverman (2000) , who kept 2 groups of colonies of the Linepithema humile ant species in a laboratory for 56 days under various proteic diets of Blattella germanica and Supella longipalpa. The results showed that dietary compounds changed the chemical signature, and the compounds present in the 2 species showed the same change in their cuticular chemical profiles. Sorvari et al. (2008) showed complementary information regarding the Formica aquilonia ant species; in addition to the composition, the amount of food also affected the chemical signature of the colonies and, consequently, intracolonial recognition ability. It should be noted that the quality, not the quantity, of the diet may have affected the variations because the colonies under artificial conditions were kept under similar conditions.
Our results confirmed those of previous studies showing that for various ant species, exogenous factors, particularly diet, are determining factors in cuticular chemical composition. Therefore, genetic factors may not be the only factors affecting the chemical signature of a species; when environmental variations become homogenized, recognition signals also become homogenized, and diet was shown to have a major role in this process. In addition, these results reinforce the reliability of FTIR-PAS as an analytical tool for biological systems because of its specificity and reproducibility.
